Introduction: In Acute Respiratory Distress Syndrome (ARDS), the heterogeneity of lung lesions results in a mismatch between ventilation and perfusion, leading to the development of hypoxia. The study aimed to examine the association between computed tomographic (CT scan) lung findings in patients with ARDS after abdominal surgery and improved hypoxia and mortality after prone ventilation. Material and Methods: A single site, retrospective observational study was performed at the Sapporo Medical University School of Medicine, Sapporo, Hokkaido, Japan, between 1st January 2004 and 31st October 2018. Patients were allocated to one of two groups after CT scanning according to the presence of ground-glass opacity (GGO) or alveolar shadow with predominantly dorsal lung atelectasis (DLA) on lung CT scan images. Also, Patients were divided into a prone ventilation group and a supine ventilation group when the treatment for ARDS was started. Results: We analyzed data for fifty-one patients with ARDS following abdominal surgery. CT scans confirmed GGO in five patients in the Group A and in nine patients in the Group B, and DLA in 17 patients in the Group A and nine patients in the Group B. Both GGO and DLA were present in two patients in the Group A and nine patients in the Group B. Prone ventilation significantly improved patients' impaired ratio of arterial partial pressure of oxygen to fraction of inspired oxygen from 12 h after prone positioning compared with that in the supine position. Weaning from mechanical ventilation occurred significantly earlier in the Group A with DLA vs the Group B with DLA (P < 0.001). Twenty-eight-day mortality was significantly lower for the Group A with DLA vs the Group B with DLA (P = 0.035). Conclusions: These results suggest that prone ventilation could be effective for treating patients with ARDS as showing the DLA.
Introduction
Acute respiratory failure after abdominal surgery for conditions such as pan-peritonitis frequently necessitates long-term mechanical ventilation, and treatment often ends in failure [1, 2] . In particular, respiratory failure after abdominal surgery is known to cause respiratory damage both directly, when intra-abdominal infection or invasion affect scans the lungs via the diaphragm, and indirectly, mediated by the bloodstream [3] . Thoracic X-rays and the PaO 2 /FiO 2 (P/F) ratio are used in the diagnosis of acute respiratory distress syndrome (ARDS), but lesions in the injured lungs may encompass a variety of different conditions. In ARDS, the heterogeneity of lung lesions results in a mismatch between ventilation and perfusion, leading to the development of significant hypoxia. Prone ventilation may potentially improve this ventilation-perfusion mismatch [4] , but has not as yet been fully investigated. The present comparative investigation of the association between computed tomography (CT scan) findings from patients who had developed ARDS after abdominal surgery and improvements in hypoxia as a result of prone ventilation was therefore performed.
The study aimed to examine the association between computed tomographic lung findings in patients with ARDS after abdominal surgery and improved hypoxia and mortality after prone ventilation.
Materials and methods
This study was approved by the Institutional Review Board of Sapporo Medical University (Authorized number 302-156).
The single site retrospective study investigated patients admitted to the intensive care unit (ICU) in the hospital between 1st January 2004 and 31st October 2018.
Subjects

Inclusion Criteria
Participants were patients admitted to the intensive care unit (ICU) in the hospital between 1st January 2004 and 31st October 2018 who had developed ARDS following surgery for intra-abdominal infection and who had undergone lung CT scan on admission to the ICU. ARDS was developed and diagnosed following the criteria of the Berlin Definition [5] after being admitted to the ICU.
Exclusion Criteria
The patients who have less than 72 hours of mechanical ventilation and who is under 15 years old were excluded.
Subsequently, patients were divided into two groups: Group A that underwent prone ventilation within twenty four hours of the start of mechanical ventilation following ICU admission, and Group B, a Group B that did not.
Classification of lung CT Scan findings
Images from lung CT scan performed on admission to the ICU were evaluated by a single radiologist, and classified into two types according to the following procedure.
Six lung CT scan images were used for evaluation: 5 cm above the tracheal bifurcation, 5 cm below the tracheal bifurcation, and 5 cm above the diaphragm, covering each of the right and left lungs. Patients were categorised as showing either increasing ground glass opacity (GGO) or alveolar shadows with predominantly dorsal lung atelectasis (DLA) if these findings were evident in at least 3 of the 6 images
Mechanical ventilation
Respiration was managed so as to preserve spontaneous respiration. The ventilator mode used was pressure support ventilation. Blood gas analysis was performed every 4 hours, and support pressure was regulated to maintain PaCO 2 at 35-50 mmHg. The fraction of inspired oxygen (FiO2) was regulated to maintain PaO 2 ≥ 60 mmHg. The positive end-expiratory pressure (PEEP) value was set as recommended by the ARDS Network using allowable combinations of FiO2 and PEEP [6] Sedation was carried out with fentanyl continuous infusion combined with continuous infusion of midazolam (0.03-0.06 mg/kg/h), propofol (0.5-3 mg/kg h), or dexmedetomidine (0.2-0.7 μg/kg/h), and was regulated to maintain the patient at between -1 and -2 on the Richmond Agitation Sedation Scale. Prone ventilation did not involve any particular variation in sedation type or dosage.
Prone method
Prone ventilation was carried out using an air-cushioned bed. Patients were moved into the prone position under mechanical ventilation following the method previously reported [7] . An air-floating bed was used for changing patients to the prone position. At least five hospital staff members including medial doctors, intensive care nurses, and clinical engineers participated in each position change. Vital signs are monitored before and after the position change. Prone ventilation was continued for sixteen hours during which time blood gas analysis was performed every 4 hours.
The criteria for ending of prone ventilation were either that PaO 2 was maintained at ≥ 80 mmHg at FiO 2 0.5 for more than four hours after the patient had been returned to the supine position or there was no improvement in oxygenation compared with before the use of prone ventilation even after prone ventilation had been performed twice.
The criterion for ending prone ventilation was: -PaO 2 was maintained at ≥ 80 mmHg at FiO 2 0.5 for more than four hours after the patient had been returned to the supine position. -There was no improvement in oxygenation after prone ventilation had been implemented twice in succession. The criteria for prone ventilation were as follows:
-moderate ARDS according to the Berlin definition.
-GGO, DLA and GGO+DLA in CT scan findings -The discussion on treatment for the patients between the attending physician and the intensivists: whether prone ventilation could be effective considering vital signs and general conditions in patients. The following data were obtained -Age, sex, -underlying diseases -Acute physiology and chronic health evaluation (APACHE) II score, -Sequential organ failure assessment (SOFA) scores on ICU admission -Duration of stay in the ICU -Duration of ventilation, outcome after 28 days and 90 days, -PEEP value at the start of ventilation, and maximum PEEP value within 72 hours after the start of ventilation -The number of ventilator-free days (VFDs) during which the patient was not attached to a ventilator ICU-free days (IFDs) during which the patient was cared for in a ward other than the ICU.
To calculate the P/F ratio in the Group A, PaO 2 and FiO 2 were measured before patients were moved into the prone position and 12, 24, 48, and 72 hours after the start of prone ventilation.
In the Group B, PaO 2 and FiO 2 were measured 12 hours after the start of mechanical ventilation and at 12, 24, 48, and 72 hours after the initial measurement.
To analyse the association between CT scan findings and the efficacy of prone ventilation, patients were divided into three groups based on lung CT scan images:
-those showing GGO (GGO group) -those showing DLA (DLA group) -those showing both (GGO + DLA group). The P/F ratio at the start of mechanical ventilation and 72 hours later were compared between the GGO and DLA groups in both Group A and Group B, and VFD, weaning rate from mechanical ventilation, and outcomes twenty days later, were also compared.
Statistical analysis
Changes over time in the P/F ratio using repeatedmeasures analysis of variance were analysed.
The unpaired Student's t-test was used for comparisons between Group A and Group B and between the GGO and DLA groups.
Kaplan-Meier curves were produced for ventilation weaning rates over time.
Intergroup comparisons were made using the logrank test.
The level of significance was set at α = 0.05. Values of P < 0.05 were regarded as significant.
Results
Patient demographics and lung CT scan findings
In total, fifty-one patients were admitted to the ICU during the study period with respiratory failure following abdominal surgery. Twenty-four underwent prone ventilation (Group A ) within 24 hours of being admitted to the ICU, and twenty-seven who underwent ventilation in the supine position (Group B). In Group A, mechanical ventilation was started within 24 hours of being admitted to the ICU followed by prone position. In Group B, mechanical ventilation was started within 24 hours of being admitted to the ICU. Patient demographics are shown in Table 1 .
Comparisons between Group A and Group B showed no significant differences in background CT scan characteristics were evident between the two groups for age or sex, APACHE II scores, SOFA scores on ICU admission or frequency of shock.
Upper gastrointestinal surgery was common in both the supine and Group A.
No significant difference in frequency of steroid administration was identified.
CT scan showed GGO in five patients in Group A and nine patients in Group B.
DLA occurred in 17 patients in Group A and nine patients in the Group B, and both (GGO + DLA) in two patient in the Group A and nine patients in Group B.
No significant differences in ventilation settings of PEEP level, peak pressure and respiratory rate were identified between the two group. The P/F ratio was ≤ 200 in both groups at the start of mechanical ventilation, meeting the diagnostic criteria for ARDS.
Comparison of changes in the P/F ratio and weaning rate from mechanical ventilation Table 1 shows changes in the P/F ratio over time. No significant difference in the P/F ratio at the start of the study was seen between both groups.
In the Group A, the P/F ratio rose significantly by 12 hours after the start of prone ventilation, and was sig-nificantly higher at 24, 48 and 72 hours compared with "prior to prone" ventilation, maintaining the improvement in oxygenation. Also, in Group B the P/F ratio was significantly elevated at 24, 48 and 72 hours after the start of measurements compared with the value at the start of the study.
In Group A, the P/F ratio was significantly higher than the corresponding values for the Group B at each point.
Duration of ventilation, duration of ICU stay, and outcome after 28 days and 90 days
Group A had significantly more VFDs and IFDs ( Table  1 ). The rate of weaning from mechanical ventilation at twenty-eight days after the start of mechanical ventilation was also significantly higher in Group A than in Group B (P = 0.02) (Fig. 1) . After 28 days, four patients in Group A had died (16.7% mortality), and 10 of 27 patients in Group B had died (37.0% mortality). This difference was not significant (P = 0.127). However, the mortality rate after 90 days in Group A was significantly higher than that in Group B (P = 0.048).
Prone ventilation
This technique was only applied once or twice (mean, 1.5 ± 0.5 times overall; 1.6 ± 0.5 times in the DLA group and 1.4 ± 0.5 times in the GGO group).
The mean time spent in the prone position was 16.1 ± 0.8 hours. No serious complications such as accidental removal or kinking of the central venous catheter, tracheal tube or drains, or wound dehiscence occurred during prone ventilation. Mild reddening was identified around the cheekbones, iliac bones, and knees, but this resolved after patients were returned to the supine position. Table 2 shows patients' data where DLA and GGO was shown on CT SCAN scans.
Relationship between lung CT scan findings and efficacy of prone ventilation
In total, 14 patients were classified as belonging to the GGO group on the basis of lung CT scan findings, of whom five underwent prone ventilation.
The DLA group contained 26 patients, 17 of whom underwent prone ventilation. The GGO and GLA groups showed no significant differences in age, sex, APACHE II score, SOFA score, surgical site, use of steroid, or ventilator settings at the start of this study.
In the GGO and DLA groups, no significant difference in the P/F ratio was apparent between Group A and Group B at the start of the study.
In patients with GGO, no significant difference in the P/F ratio was seen in either Group A or Group B 72 hours after the start of this study.
In patients with DLA, the P/F ratio was significantly higher in the Group A 72 hours after the start prone ventilation. There was no significant differences between Group A and Group B in the numbers of VFDs and IFDs for patients with GGO, but in patients with DLA, there was a significant differences between the two groups with regards to VFDs and IFDs (Table 3) .
Weaning from mechanical ventilation in patients with DLA was also significantly earlier in Group A than in Group B (P < 0.001), but no significant difference between Group A and Group B was identified for patients with GGO (P = 0.294) (Fig. 2) .
The mortality rate after twenty eight days in patients in Group A with DLA was significantly lower than that in patients in Group B with DLA, but no significant difference between groups was seen for patients with GGO.
The outcome after twenty eight days in the DLA group was significantly higher in Group B than in Group A.
The mortality rate ninety days in Group A with DLA was also significantly lower than that in the Group B.
At 90 days, there was no significant difference in -mortality between the two groups with GGO (Table 3) . Cumulative weaning rate over 28 days was compared using the log-rank test. ARDS: acute respiratory distress syndrome 
Discussion
Prone ventilation was performed for patients who developed acute respiratory failure after surgery for intraabdominal infection, and the association between the efficacy of prone ventilation and image findings from lung CT scan was examined. This technique was only applied once or twice because oxygenation could be improved. Of the 51 subjects in this study, twenty six (51.0%) showed dorsal infiltration as the main finding on lung CT scan images, with only fourteen of the fifty one patients (27.5%) showing mainly diffuse infiltration. Prone ventilation rapidly restored impaired oxygenation, and more than 50% of patients could be weaned off mechanical ventilation after 72 h. A comparison of efficacy in terms of CT scan imaging findings showed that prone ventilation was clearly more effective in patients showing dorsal infiltration as the main finding compared with those with diffuse infiltration. The present results suggest that prone ventilation may be an effective method for treating patients with intra-abdominal infection who develop acute respiratory failure. Acute respiratory failure associated with intra-abdominal infection is frequently extremely difficult to treat [1] , and the mortality rate is reportedly high [2] .
In an animal sepsis model of intra-abdominal infection, intra-abdominal fluid contained larger amounts of cytokines than seen in circulating blood [8] . These cytokines are continuously transferred into circulating blood, causing damage to the vascular endothelium of internal organs. In the lungs, this increases vascular permeability, increasing the volume of interstitial fluid and causing the appearance of diffuse infiltration on CT [9] . In particular, if vascular permeability increases in the dorsal region or on the surface of the diaphragm, where perfusion is greater because of gravity, intraabdominal fluid with a high concentration of inflammatory mediators may spread inflammation directly to the diaphragm concomitant with inflammation spreading from the diaphragm to the diaphragmatic surface of the lungs, causing the appearance of dorsal infiltration on CT. In addition, exposure of the diaphragm to inflammatory mediators may easily reduce its contractility [8] . The dorsal lungs are always vulnerable to deflation as a result of intra-abdominal pressure, but ventilation is normally maintained by appropriate contraction of the diaphragm during spontaneous respiration. Even during spontaneous respiration, however, atelectasis may easily occur if diaphragmatic function deteriorates [10] . The results of the present study suggest that, in acute respiratory failure associated with intra-abdominal infection, the spread of intra-abdominal inflammation via the surface of the diaphragm and inflammatory mediators in circulating blood may cause more dorsal infiltration in the lungs due to the action of gravity.
Prone ventilation has long been used to treat acute respiratory failure [11] . Randomised controlled trials carried out since 2000 have demonstrated its efficacy in restoring impaired oxygenation [12] [13] [14] . Although the mechanism whereby prone ventilation improves oxygenation is as yet unknown, the following hypotheses have been proposed: 1) improved diaphragm movement in the prone position [15] ; 2) improved ventilation-perfusion mismatch [4] ; 3) drainage of secretions that have collected in dorsal lung atelectasis [16] ; 4) decrease in gravity-dependent increase of hydrostatic pressure [17] ; and 5) improved trans-pulmonary pressure, which decreases due to abdominal pressure or increased lung mass [18] . On the basis of these mechanisms, it has been reported that prone positioning is more effective in patients with dorsal infiltration than in those with diffuse infiltration [19] . The greater improvement in hypoxia as a result of prone ventilation compared with the Group B may have been due to the fact that this study included more patients who showed dorsal atelectasis.
There is scope for debate concerning the improvement in outcomes as a result of prone ventilation. No such improvement in outcomes was evident in a randomised controlled trial carried out by Gattioni et al. (2001) [12] , but in a subgroup analysis, severe cases with a P/F ratio ≤150 did show improved outcomes. A recent randomised controlled trial by Guerin et al.(2013) also found that prone ventilation improved outcomes for patients with ARDS and a P/F ratio ≤150 [20] . A meta-analysis by Sud et al. (2010) likewise found that prone ventilation improved outcomes under conditions of a P/F ratio ≤140 [21] . Such findings suggest that prone ventilation may have an important role to play as one method of treatment for severe respiratory failure with a P/F ratio ≤150.
In the present study, prone ventilation did not have any effect on improving outcomes. This may have been because the number of patients included in this study was too small to investigate outcomes, and only around half of the present patients (12 patients in each of Group A and Group B) had a P/F ratio ≤150 at the time of inclusion, meaning that the study included few patients for whom prone ventilation could be expected to be effective.
Most previous studies of prone ventilation have used American-European Consensus Conference criteria to diagnosis of ARDS [22] . These diagnostic criteria stipulate the presence of bilateral infiltration on thoracic Xrays, but investigations of CT scan images have shown that a variety of conditions are included [23] . Few studies have addressed the association between the clinical efficacy of prone ventilation and findings on CT scan images in ARDS, which encompasses a heterogeneous range of conditions. In the present study, prone ventilation did not improve outcomes for patients with diffuse infiltration on CT scans, but did significantly improve outcomes in patients with dorsal infiltration. The great majority of patients with intra-abdominal infectionrelated ARDS also showed dorsal infiltration on CT scans. ARDS associated with intra-abdominal infection may thus be highly likely to progress to a condition in which prone ventilation may be effective, and prone ventilation may be a useful treatment option with mechanical ventilation.
In summary, most patients with ARDS associated with intra-abdominal infection showed dorsal atelectasis on CT scan, and prone ventilation enabled earlier weaning from mechanical ventilation. The present results indicate that prone ventilation may improve outcomes for patients with dorsal atelectasis on CT scan, and suggest prone ventilation as a useful treatment for patients with ARDS associated with intra-abdominal infection.
Declarations of interest
None to declare.
